I. INTRODUCTION
Bond-selective excitations and its use in controlling the outcome of chemical reactions is a subject of much current interest. ' A nice example is the photodissociation of HOD in the first electronically excited state. The vibrational eigenstates of the electronic ground state are essentially local modes in the OH or OD stretch. The states are either pure OH or OD excitations or combinations thereof. If, e.g., an excited OH eigenstate is populated in HOD (we can denote such a molecule as H-OD), an enhanced branching into the channel H+OD is observed in a subsequent photodissociation process. [2] [3] [4] [5] [6] This has been demonstrated theoretically as well as experimentally. The setup involved two lasers in the cw regime (i.e., pulsed lasers with a long pulse duration were used in the experiments)-the first laser prepares the vibrational eigenstate and the second laser dissociates this state via an excitation to the first electronically excited state. The branching ratio between H +OD and D-l-OH was analyzed as a function of the frequency of the second laser. It was shown that this ratio depends on the frequency. High selectivity could be obtained, however, only in a narrow frequency region. This frequency region is broadened when the initial vibrational excitation is increased but is still relative narrow even at high vibrational excitation.
The question we are considering in this paper is: Can we control the branching ratio in HOD photodissociation completely, i.e., at all frequencies obtain the desired product-and what will it take to do so? The scheme we are suggesting here is a modified form of the scheme mentioned above. In order to obtain complete selectivity appropriate linear combinations of the local mode eigenstates in HOD must be created. We study therefore first the possibility of creating selective and localized bond stretching via simple intense infrared (ir) laser fields. The HOD molecule seems to be an ideal candidate where, in addition, a good potential energy surface exists. Using intense ir laser fields, we will consider bond-selective multiphoton transitions and, in particular, the possibility of creating localized wave packets in OH/OD, respectively, corresponding as far as possible to a vibrating bond in a classical sense.
In connection with controlling the outcome of chemical reactions, a vibrating (nonstationary) molecule impose restrictions on the optimal timing concerning its subsequent use in chemical reactions (e.g., in photodissociation) . The outcome of subsequent reactions can depend on the bond length as well as the momentum in the excited bond. This active control scheme should be contrasted with passive control via bond-selected vibrational eigenstates which is easier to handle, but, on the other hand, it does not hold the same potential as active control due to the delocalized structure of vibrational eigenstates. Thus the present study looks into a (conceptually) simple way to extend the control in HOD photodissociation and similar processes.
The present study is obviously also related to previous work on multiphoton excitation of molecules as well as other control schemes. Like the studies by Manz and coworkers on multiphoton excitation of water7'* (see also Ref. 9 ) and the pump-dump scheme suggested by Tannor and Rice.""' The scope and aim of these studies were, however, somewhat different from the present study. Another interesting active control scheme for unimolecular reactions has been introduced by Brumer and Shapiro. '2"3 This paper is organized in the following way: Section II defines the Hamiltonian of HOD in a laser field and describes the numerical technique used in order to solve the time-dependent Schrijdinger equation. The vibrational dynamics of the electronic ground state induced by ir multiphoton excitation is presented and discussed in Sec. III. In Sec. IV the nuclear dynamics in the first (dissociative) electronically excited state is analyzed for photodissociation out of various initial vibrational states. 
g=Tg,, j=1,2, I p,=mHmO/(mH+mO), (2) and 8 is the fixed bending angle of 104.52 deg. Two electronic states of the molecule are considered: the electronic ground state and the first electronically excited state. An intense laser in the infrared (ir) region and a (weak) laser in the ultraviolet (uv) region of the spectrum are interacting with the molecule. The intensity of the second laser is so Lowe that stimulated emission from the excited electronic state can be neglected. The time evolution associated with the nuclear motion can then be calculated from the time-dependent Schrddinger equation,
where ++Jg (rl,r2,t) and 1CI, (rI, r2, t) are the wave functions associated with nuclear motion in t&e gAound and fi@t ezcited electronic state, respectively. Hg= T+ Vg and He, T+ V, arcthe nuclear Hamiltonians in the two states. Hi,(t) and H,,(t), to be specified below, describe the interaction between the molecule and the two lasers.
Equation (3) is solved numerically dimensional grids, with the initial condition is the vibrational ground state of HOD, &(rl,r2,t=O) = (rg2I ~oH=O,~OD=O> on two two-(t=O) that r/g (4) and qe=O. The effect of the kinetic energy operator of the Hamiltonian is evaluated using a two-dimensional fast Fourier transform (FFT) algorithm. l4 The time propagation is evaluated using the Lanczos scheme.15 The vibrational ground state is obtained via propagation in imaginary time. l6
In the calculations, we have used a time step of the order of 0.5 a.u. and a grid spacing, cYrj which equals 0.042 a,. Atomic units is used throughout this article unless other units are indicated explicitly.
A. Electronic ground state The potential energy function associated with the electronic ground state is represented as two Morse oscillators and a coupling term,*"t* Vg( rl,r2) =D[ 1 -e-a" '-"'] 
where0=0.2092 hartree, (w=1.1327 a; ', ro=1.81 ao, and F12 fi2=l+~L(r,-~o 
where fl= 1.0 a<', and F12= -6.76 X 10d3 hartree/a$ The interaction with the laser field is described semiclassically in the electric dipole approximation. Thus Gir(t) = -Ilg(rl,r2)*Esa(t)cos w&, (7) where a(t) describes the shape of the pulse. We consider a rectangular pulse, i.e., where tl gives the pulse length and a Gaussian pulse,
which is normalized such that it carries the same energy as the rectangular pulse of length tk The pulse length of the Gaussian pulse, defined as the full width at half:maximum (FWHM), is ,/m. ~~ The electric dipole moment function of the electronic ground state is described by a bond dipole model,"
where p. = 7.85 D/A and p = 0.6 A. The HOD molecule is placed in the xz plane with the z axis as bisector. With an x-polarized electric field of the exciting laser, the interaction takes the form,
where
and $= (7r--8)/2. Little is known about the exact form of the dipole moment. Ab initio calculations on the dipole moment of water seems only to be available in a small region around the equilibrium configuration.20 This region is, however, too narrow for the present conditions where the bonds can execute large amplitude motion. When we compare the first derivative with respect to a bond distance (leaving the other bond in its equilibrium position) at the equilibrium position the agreement between the model function and the a& initio calculation-is poor. Thus the derivative of the model function is -0.949 D/A, whereas the ab initio cal-culation gives 0.395 D/A. Whether this disagreement is due to inaccurate ab initio data or a deficiency in the model function is not clear. The model function was, however, fitted to some experimental data." Anyhow, it is expected to reproduce nothing but the qualitative behavior of the dipole moment. The potential energy function of the first electronically excited state, r/,, is known from ab initio calculations.21*22 This ab initio surface is used in our calculations. The transitian dipole function was also calculated by ab initio methods but only in a relatively small region (r,,r,<2.6a0) which is too small for the present purpose. Therefore, we use the expression,3 2.225 2.225 Pge=l+k( ('l-T07xi--qpq~ (13) which is constructed such that it gives values similar to the ab initio data and, at the same time, goes smoothly to zero as the bonds dissociate. The transition dipole moment vector, pBe, is perpendicular to the molecular plane.22 We assume that the electric field vector of the uv-laser field is parallel to this vector and the interaction with the laser takes the form,
We consider an ultrashort (6 function) pulse,
a(t)=S (t-t,,) and a Gaussian pulse shape,
[LQC(& cos $)2/2] is 50 TW/cm* and the (central) frequency air= E&4= 3463 cm-'. The pulse length is tI =500 fs=O.5 ps. Figure 2 shows (rl) and (r2), i.e., the expectation value of the OH and the OD bond length, respectively, and the associated uncertainties (Ari i = 1,2) as a function of time. We obd highly selective excitation of the OH (16) bond. Small oscillations in the OD bond are also seen. During excitation of the OH bond the population in the eigenstates 1 noH, noD=O) changes as a function of time.
The change in the OD bond length is a reflection of the
III. DYNAMICS IN THE ELECTRONIC GROUND STATE
We consider here vibrational dynamics induced by the intense ir laser. In order to find appropriate resonance conditions, the vibrational energies are needed. The energy and assignment of the first 16 vibrational eigenstates of HOD as found by integrating the SchrSdinger equation in imaginary timeI is given in Table I . Compared to available experimental data,17 the deviation is less than 0.25%. The last two columns gives a comparison to the energy and wave functions of the corresponding states in the two uncoupled Morse oscillators. The effect of the coupling terms in the kinetic energy and the potential for HOD is, accordingly, very small for the states considered here. The effect on the energy spacing is negligible. When contour plots of the higher vibrational states are inspected the effect of the coupling is seen as a small rotation of the eigenstates, they are not completely parallel to the OH and OD axis, respectively. The vibrational ground state 1 0,O) superimposed on the associated potential energy surface (dashed lines) is shown in Fig. 1 . This is the initial state (t=O) for the vibrational dynamics considered in the following. X.65 small coupling between the two degrees of freedom which affects the eigenstates increasingly as the excitation in the OH bond is increased, The OH bond oscillates for short times (t< 40 fs) much like a (linearly) forced harmonic oscillator whereas the dynamics for longer times gets more and more influenced by the anharmonicity of the potential, which implies that the coherence in the wave packet is lost. This behavior has been observed beforez3 for the dynamics of a Morse oscillator under multiphoton excitation. In Fig.  3 the frequency is changed to W,=Eo,d4=2599 cm-'. Now the OD stretch is selectively excited.
A Gaussian pulse (FWHM=50 fs, fir= 100 fs) as defined by Eq. (9) is considered next. Figure 4 shows the expectation value of the OH and OD bond length, respectively, and the associated uncertainties as a function of time when a,=3463 cm-'. Again a strong and selective excitation of the OH bond is observed. The excitation is particularly strong at the peak of the pulse. When this result is compared to Fig. 2 , it is clear that the short Gaussian pulse gives a stronger excitation than the rectangular pulse. Figure 5 shows the same picture as in Fig. 4 when wi,=2599 cm-', except that the roles of OH and OD are interchanged. Figures 6-8 give further details of the excitation in Fig 5. energy. The time evolution of the wave packet projections on the first 16 vibrational eigenstates (Table I) is shown in Fig. 7 . Eigenstates with several vibrational quanta get a high population as a result of the high intensity of the laser. Note that only pure OD local modes are noticeably excited and that the populations are constant when the pulse has decayed. Figure 8 shows the wave packet created by the Gaussian pulse at 100, 102.5, 105, and 107.5 fs. The OD bond is first compressed and stretches subsequently. At 102.5 and 105 fs a pure OD excitation has been created which corresponds to a highly elongated OD bond with a very localized bond length distribution. At 107.5 fs the bond is stretched even more, some of the localization is, however, lost.
The structure of the vibrational eigenstates is highly suggestive of the fact that we can selectively excite the OH or OD bond in HOD. In view of the very intense (and short) laser pulses considered above, the result is nevertheless not trivial. The frequency broadening due to the high intensity and the short duration could have spoiled the selectivity. In the following, the molecule is exposed to the Gaussian ir-laser pulse of Fig. 5 which selectively excites the OD bond.
IV. DYNAPvllCS IN THE FIRST ELECTRONICALLY EXCITED STATE
We consider now the full setup with two lasers: An intense ir-laser as in the previous section and a (weak) uv 2.8 ,---r--r--r--t t , laser which can take the molecule into the excited (dissociative) electronic state. The chemistry is HOD-,
I
H+OD D+OH (17) First the dissociative dynamics induced by an ultrashort [S function, Eq. ( 15)] pulse is considered. In order to illustrate the difference between the control scheme used previously and the one suggested in the present work, we make a small digression and show in Figs. 9 and 10 the dissociation dynamics out of two vibrational eigenstates. Figure 9 shows the dissociation dynamics out of the vibrational ground state of HOD. It is clear that most of the products show up in the channel H+OD. For dissociation out of the IO,4) vibrational eigenstate, i.e., four vibrational quanta in the OD bond, the picture is reversed. Now most of the products show up in the channel D+OH as shown in Fig. 10 . We have calculated the norm of the wave packets in each channel. The results are given in Table II . For dissociation out of the 10,4) state 36% of the amplitude goes into the H+OD channel. The overall selectivity between the two dissociation pathways is, accordingly, still quite modest. Note the small wave connecting the two channels in Fig. 10(b) . This structure implies that the total breakup channel H+O + D can get some (small) population. In order to get a fully converged result for this channel a very large grid would be required (larger than the 256X256 grid used here). These results for dissociation out of vibrational eigenstates using an ultrashort pulse are related to the results where a cw laser is used.24 Dissociation implies that freely moving fragments will show up, where 1 $oD( t) > and 1 4oH( t) ) are asymptotic wave packets (the atom-diatom potential has decayed to zero) for the H+ OD and the D +OH channels, respectively, and
where % is a constant. In the ultrashort pulse limit, the probability of observing products in, say, channel H+OD is %~=(40D(tf) I~oD(~~))P (20) where tf is the final propagation time and we used the fact that the wave functions associated with the two channels do not overlap. The corresponding result for a cw laser at frequency 0 is
We notice, high selectivity, too. The fact that the state I100 fs) dissociates, almost exclusively, into the D+OH channel seems at first a little surprising. The average momentum in the direction of the OD bond in the electronic ground state is essentially zero since the bond is at the (inner) turning point. After excitation to the excited electronic state a high momentum is, however, created because the wave packet starts out on a very steep part of the potential energy surface.
Thus the branching ratio obtained when an ultrashort (afunction) pulse is applied is equal to the overall branching ratio obtained when the absorption band is scanned with a cw laser. Can we control the reaction pathway such that, say, only D + OH is produced? In Fig. 11 the dissociation dynamics for the OD local mode (nonstationary) state created after 102.5 fs is shown. We observe that, indeed, almost complete selectivity is obtained. The question arises whether other nonstationary local mode excitations of OD show the same kind of selectivity. The results are presented in Table II . The states I100 fs) and [ 105 fs) show a very
The results in Table II map the selectivity with respect to the time delay to the second ultrashort (S-function) pulse. A laser pulse with a finite pulse length creates a superposition of the packets created by a S-function pulse. From Table II one obtains, accordingly, an indication of the finite (short) pulse length which is required in order to obtain a high overall selectivity. This pulse length is of the order of 5 fs. We have tested the validity of this reasoning-a short Gaussian laser pulse (FWHM of 5 fs) centered at t,,,= 103 fs and with a (central) frequency, w,, in the uv region was considered explicitly. The results are presented in Table III . .These results demonstrate that, es- Fig, 9 (a), except that the initial state is 10,4), i.e., zero quanta iti the OH stretch and four quanta in the OD stretch. (b) Same as Fig. 9(b) , except that the initial state is given in Fig. IO(a) .
sentially, complete selectivity can be obtained over the entire uv absorption band. Figure 12 shows the dissociation dynamics at the frequency a,,=54 869 cm-'. The wave packet is as expected somewhat broadened compared to an excitation with a S-function pulse. The uncertainty in the l.l~"i~~" "',"'~,""l much longer duration than -5 fs. Thus a 10 fs pulse (f,, =103 fs, w,=54869 cm-') gives 83% in the D+OH channel and 17% in the H+OD channel. The exact timing of the second pulse is, indeed, very critical. Finally, we have in the calculations reported above assumed that the phase difference between the two fields is zero-a phase difference cannot affect the branching ratio in the scheme considered in the present work. Even if this proposition was wrong, any possible effect of a phase difference will tend to average out since the frequencies of the two lasers are highly incommensurate (differs by a factor of more than 10). Furthermore, in order to test this claim, we have repeated the calculation for a 5 fs pulse at w,, =65 842 cm-' (Table III) after introducing a phase shift in the pulse, i.e., instead of the simple cosine function, we use cos( ~,,t+ S) . The results for S=3.0 and S= 5.0, respectively, are to more than four significant figures identi- We have shown that complete control of the fragmentation pathway in the photodissociation of HOD can be obtained. The method suggested here involves the dissociation of a nonstationary local mode vibrational state of HOD. Such a state is created using an intense laser in the ir region. A second ultrashort laser pulse dissociates the molecule via an excitation to an excited electronic state. This laser is fired when the vibrating molecule has a convenient position and/or momentum distribution. Compared to the well-established setup where dissociation out of a stationary local mode eigenstate of HOD is considered, the method suggested here is superior-essentially due to the fact that vibrational eigenstates always have some amplitude in the Franck-Condon region which-in an uncontrollable way-can evolve into either of the two product channels. This advantage is, obviously, gained at the expense of experimental conditions in terms of laser powers, timing, and pulse durations, which are at the limits of present technology. Thus ultrashort ( -5 fs) laser pulses in the uv are not available at present. The required time delay with femtosecond accuracy is, however, already experimentally obtainable since the needed micrometer accuracy in the path length can be handled. Our study has, nevertheless, shown what can be achieved by an active control scheme in the time domain.
The calculations were based on a well-established two degrees of freedom model of water using two high quality potential energy surfaces and (numerically) exact quantum solutions to the nuclear dynamics. The electronic dipole surfaces used in the coupling terms to the laser fields are, obviously, not highly accurate but simple model functions. We do not expect that the use of more accurate dipole surfaces will change the basic features of the results reported here. We did, in fact, test the importance of the transition dipole surface on the branching ratio. We found branching ratios which deviates from the results of Table  II only by a few percent when the transition dipole was taken to be a constant.
When considering the application of the control scheme studied in this paper to other photodissociation processes, it should be noted that the HOD molecule in many ways is an ideal system. On the other hand, the strong anharmonicity and the light masses of the molecule make the timing of the second laser quite critical. Heavier masses and more harmonic potentials would give slower vibrations and more coherent wave packets. That would be easier to handle. Furthermore, bond-selective excitations of the type studied here are not restricted to simple molecules, which contains local mode eigenstates. It has recently been demonstrated that bond-selective excitations in molecules without local mode eigenstates can be created via intense laser pulses with optimized shapes.25
